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Abstract. The emerging market for electric vehicles gives rise to an
additional electricity demand. This new electricity demand will aﬀect
the electricity system. For quantifying those impacts a model-based
approach, which covers long-term time horizons is necessary in order
to consider the long lasting investment paths in electricity systems
and the market development of electric mobility. Therefore, we apply a
bottom-up electricity system model showing a detailed spatial resolu-
tion for diﬀerent development paths of electric mobility in Germany un-
til 2030. This model is based on a linear optimization which minimizes
the discounted costs of the electricity system. We observe an increase
of electricity exchange between countries and electricity generated by
renewable energy sources. One major result turns out to be that electric
vehicles can be integrated in the electricity system without increasing
the system costs when a controlled (postponing) charging strategy for
electric vehicles is applied. The impact on the power plant portfolio is
insigniﬁcant. Another important side eﬀect of electric vehicles is their
substantial contribution to decreasing CO2 emissions of the German
transport sector. Hence, electric mobility might be an integral part of
a sustainable energy system of tomorrow.
1 Introduction
Since the new millennium, battery electric vehicles (BEV)1 undergo a renaissance
due to recent achievements in battery technology. The chances of BEV to reach com-
mercial competitiveness are widely discussed [1]. In this context the battery costs –
and the corresponding limited range – are identiﬁed as the main barrier for BEV to
enter mass market. These costs have been falling signiﬁcantly during the last years
and the forecasts are promising [2]. Further barriers are the limited supply of BEV
a e-mail: h.heinrichs@fz-juelich.de
1 We deﬁne BEV as all electric vehicles, which recharge their battery from the electricity
grid, i.e. including Plug-In Hybrid Electric Vehicles (PHEV) – sometimes referred as Plug-In
Electric Vehicles (PEV).
types by vehicle manufacturers, the limited public infrastructure (even though most
users charge their vehicles at private charging stations, (cf. [3]) as well as several
psychological concerns from potential users (cf. [4]). Some psychological concerns
refer to the ambiguous environmental impacts of BEV [5,6]. Aspects like the pro-
duction and recycling of batteries, the generation of electricity and the development
of internal combustion engines determine the environmental impacts of BEV com-
pared to alternative transportation modes. Furthermore, this environmental impact
is dependent on the “additional” electricity generation during vehicle usage. This is
already analyzed by studies focusing on the relevant technology and economics [7–9].
From the energy-economic point of view it is fairly obvious, that it will be necessary
to implement controlled vehicle charging. Its signiﬁcance depends on the additional
electricity demand (i.e. quantity of electric vehicles and their charging rate) as well
as the grid condition (i.e. the share of volatile electricity supply and the grid quality)
[3,10]. Whereas the additional energy demand is marginal, the additional load might
be signiﬁcant when charging processes take place simultaneously [9].
The renaissance of BEV is accompanied by several fundamental changes in the
European and German energy system. Historically a centralized, demand driven sys-
tem, it is currently evolving into a more decentralized supply driven one. The main
drivers who facilitate this development are the liberalization of the European energy
markets, the introduction of the European emission trading system (EU-ETS) and
the increasing stochastic feed-in by renewable energy sources (RES). This leads to
several challenges for the energy system which might be amongst others extenuated
by reinforcing and extending electricity grids and storages as well as increasing the
elasticity of electricity demand [11]. From this energy economic perspective, the in-
creasing (but ﬂexible) electricity demand from BEV might support or impede the
German eﬀorts in greenhouse gas mitigation.
A controlled charging of BEV might have a positive inﬂuence by providing a
substantial load shifting potential [12]. Such a load shift potential can for example
help to integrate further renewable energy sources into the electricity grid. However,
a more decentralized energy system and local speciﬁc market penetration of BEV
[13,14] makes a regional analysis of the corresponding challenges inevitable. In the
following, we therefore consider model grid constraints on the transport grid level as
well as regional speciﬁc electricity demand and BEV market penetration, building up
on results presented in [15]. As the model complexity is already high and the data
availability is poor, we regard the 402 German NUTS-32 regions as a good compromise
– even though we are aware that the local impact on the distribution grid from BEV
might be highly relevant [17–19].
The ﬁrst political target for BEV in Germany was announced as part of the
Energy Concept of the German government in 2010 [20]. Therein the government
states the target to reach 1 million BEV in 2020 and 6 million in 2030. To reach
these targets the government funds research in all related ﬁelds and qualiﬁes electric
vehicles for a motor vehicle tax reduction. In contrast to other countries, which also
decided ambitious market targets and mostly implemented purchase subsidies (e.g.
[21]), there are no other direct subsidies for BEV in Germany, yet. On the European
level electric vehicles beneﬁt from the Regulations 443/2009 and 333/2014 [22] which
considerably restrict the average speciﬁc emission values for passenger cars (M1 class)
sold in Europe for all vehicle manufacturers. For 2020 the average emissions for all
new registered cars per manufacturer are restricted to 95 g of CO2/km and for 2030 a
target of about 70 g of CO2/km is under discussion [23]. This value is very ambitious
2 NUTS (Nomenclature of territorial units for statistics) describes the European regions
in diﬀerent hierarchical levels and ranges from NUTS 0 (countries) to NUTS 3 (counties or
districts) [16].
for conventional vehicles. However, as CO2 emissions from the charging process of
BEV are neglected and they are considered as zero emission vehicles, the regulation
is seen as a relevant driver for car manufacturers to enter the BEV market [23].
Despite those political targets the car stock of BEV in Germany is still at a very
low level (i.e. below 1% or about 19,000 vehicles), however, at accelerated growth
(+40.8% in 2014, i.e. 8,522 [24]).
2 Analysis approach
Since we focus on the possible long-term impacts of BEV on the German electricity
system. The chosen approach must be able to deal with the following two aspects:
the long-term development of the German electricity system and of the BEV stock
in Germany. The ﬁrst aspect calls for a model which can calculate power plant ex-
pansions as well as utilization. Optimizing bottom-up energy or electricity models
are well known to be capable of such an application [26]. Therefore we chose the
PERSEUS-NET-EMO model [15,27] which represents the German electricity system
on a high level of technical detail. This model divides Germany into its more than 400
NUTS-3 regions each associated with its own electricity demand and supply as well
as its heat demand. The heat demand is needed to account for CHP power plants in
an adequate way. Figure 1 shows the schematic model structure of each region. Those
regions are combined with a GIS3 referenced DC load ﬂow model for the German
transmission grid. We apply a nodal pricing approach here, where all ﬂows in the grid
are calculated, assigned with regional speciﬁc generation costs and all power ﬂow lim-
its for each grid element are respected. This allows a identiﬁcation of grid constraints.
The grid data are taken from the grid map of ENTSO-E [28] while the assumed grid
expansions in Germany are mainly based on the EnLAG law [29]. The latter repre-
sents a more realistic assumption compared to the current scenarios of the German
Grid Agency [30]. However, the grid expansion plans of the German Grid Agency
show substantial delays [31] and therefore bear a high level of uncertainty. Addition-
ally PERSEUS-NET-EMO allows to calculate CO2 emissions of power plants which
provides a basis to compare BEV and conventional cars in terms of those emissions.
From a methodological point of view PERSEUS-NET-EMO can be characterized as
a linear optimization over a time horizon until 2030 which takes economic parame-
ters (i.e. investments, ﬁxed and variable costs) as well as technical parameters (i.e.
eﬃciency, life time, operation constraints, grid development) of all technologies in the
German electricity system into account. Its objective function minimizes the overall
system costs. The covered time horizon until 2030 is divided into 5 year periods and
each year is divided into 126 time slices representing typical days during a year. The
results of this model do not claim to predict the future. However, they can serve to
inform public and political debates in a “what-if” framework [32].
The second aspect, to address possible BEV stock developments in Germany, re-
quires an approach which allows to derive consistent characteristics for BEV in terms
of load and demand. It has to be suitable to be combined with the aforementioned
approach to aspect one (long term development of the German electricity system) in
order to allow for an integrated analysis. Therefore and due to the diﬀerent driver’s
needs in the various regions the applied BEV approach shows the same spatial reso-
lution. In the following we are considering only mobility patterns of private cars and
assume implicitly that business cars are used similarly [33,34]. In limiting our focus
3 A GIS (geographic information system) is a system to handle and present spatial data
conveniently. In this analysis the commercial software ArcGis
TM
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Fig. 1. Overview of the underlying model structure in PERSEUS (cc: region code) [25].
on cars we can take the MID mobility survey as a profound data basis [35] which
allows an in-depth analysis of driving patterns and mileage. Those characteristics can
be used to derive the electrical load and electricity demand of BEV. To do so we com-
pare the total cost of ownership of a pure BEV and a plug-in hybrid electric vehicle
(PHEV) with a car powered by an internal combustion engine as described in [13,14].
From this comparison we derive a minimal yearly mileage a BEV or PHEV needs
to become competitive with a conventional car. Beside this minimal yearly mileage
only those car owners are counted to be eligible for a BEV who show a driving be-
havior compatible with the technical limitations of a BEV with respect to available
charging infrastructure and daily mileage. Those framework conditions change until
2030 (i.e. more infrastructure allow for longer daily mileages or an own parking space
is not required anymore in later years cf. [15] Chapter 5.3.3). The average driving
pattern of those eligible car owners form the basis to derive the load shift potential
of BEV. Two extreme charging scenarios are applied to the eligible driving patterns
resulting in two load curves which state the limits of the load shift potential. The
ﬁrst extreme charging strategy describes a complete charging each time a charging
station is available. The second extreme charging strategy assumes the latest possible
charging only for the next trip or trips which is needed to reach the next charging
option. Even though both charging strategies need the same amount of electricity,
from an electricity systems point of view the exact point in time of the load is highly
relevant as electricity can not be stored economically to a suﬃcient big extent. Beside
Table 1. Scenario parameters.
Pessimistic Reference Optimistic
Load control – load shifting load shifting
Load infrastructure at home at home + work (mostly) everywhere
Load load capacity 16A, single phase 16A, tri phase 250–400A, tri phase
Battery price −3.3%/a −3.7%/a −4%/a
Speciﬁc EV demand −0.5%/a −0.9%/a −1.3%/a
Fuel prices +3.9%crudeoil/a +3.9%crudeoil/a +3%crudeoil/a
EU RES target 2030 42%electricity 42%electricity 48%electricity
EU CO2 target 2030 ∼− 50%2005 ∼− 50%2005 ∼− 53%2005
this the weighted yearly mileage and share of BEV or PHEV in car purchases are
used to calculate the yearly electricity demand.
The derived limits of the load shift potential of pure and plug-in hybrid BEV
are implemented in the electricity system model. In between both load curves the
electricity system model is free to choose those load curves which allow for a cost
minimization without restricting the mobility needs. Beside this coupling of both ap-
proaches the marginal generation costs of electricity derived from PERSEUS-NET-
EMO feed in the calculation of the total cost of ownership of the BEV. Insofar
both approaches have to be iterated until their results converge. In this paper we
apply those coupled approaches to three scenarios which ranges from a pessimistic
(PES), a moderate (REF) and an optimistic (OPT) developments for electric vehicles
(s. Table 1). The ﬁrst three scenario parameters are related to the load infrastructure.
While the ‘Reference’ and ‘Optimistic’ scenario allow for an optimized load strategy
from an electricity systems perspective between the aforementioned two boundaries
of the BEV load shift potential, in the ‘Pessimistic’ scenario the load strategy is ex-
ogenously ﬁxed to the ﬁrst extreme charging strategy (a complete charging each time
a charging station is available) described above. The latter is assumed on the basis
that the BEV penetration in the ‘Pessimistic’ scenario is too low from an economic
point of view for a load infrastructure which is enabled for load shifting. The second
and third scenario parameters assume increasing degrees of freedom for charging a
BEV (‘Pessimistic’ < ‘Reference’ < ‘Optimistic’). The next three scenario parameters
describe mainly economical framework conditions which promote higher BEV market
penetrations in the ‘Optimistic’ scenario. The last two parameters apply to the Euro-
pean level and assume environmental framework conditions. While the ‘Pessimistic’
and ‘Reference’ scenario show the same values, the ‘Optimistic’ exhibit more ambi-
tious environmental targets.
This allows us to highlight possible diﬀerences in the electricity system induced
by varying EV shares. However, these scenarios do not state a classical sensitivity
analysis, but a scenario analysis focusing on diﬀerent possible stories about the fu-
ture with a consistent set of parameters [37]. Beside those scenario parameters shown
in Table 1 several assumptions have to be made which do not diﬀer between the sce-
narios (i.e electricity demand increase of 1%/a, nuclear phase-out until 2022, current
status-quo and foreseeable expansions of transmission grid capacities). In contrast
to other studies we excluded a re-injection of electricity from the battery into the
grid due to the high battery degradation costs [36]. Additionally, we assume a CO2
emissions cap for the EU ETS for all scenarios which also has to cover the additional
electricity demand by BEV. All framework conditions on an European level which
are not assumed exogenously (i.e. the electricity exchange) are derived from another
PERSEUS model covering an European scale [15,25].
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Fig. 2. Spatial distributed electricity demand of BEV in 2030 [15].
3 Results
The results described in this section focus mainly on those showing the impacts of
BEV on the German electricity system. These include (a) the electricity demand of
BEV, (b) the load curves of BEV, (c) the electricity production, (d) the average
marginal costs of electricity generation as well as (e) the CO2 emissions. The spatial
distributed electricity demand of BEV in Germany as shown in Figure 2 illustrates
the inﬂuence of the assumed framework conditions in the chosen scenarios. In the
‘Pessimistic’ scenario hardly any electricity demand of BEV occurs in our results un-
til 2030. This electricity demand is most notably concentrated to urban areas like
Munich, Berlin or Stuttgart and sums up to nearly 0.5 TWh/a in 2030 which equals
roughly 0.09% of Germany’s overall electricity demand in that year. This trend of
concentrating electricity demand for BEV in urban regions hold true for both other
scenarios as well. In the ‘Reference’ and the ‘Optimistic’ scenario the electricity de-
mands of BEV sums up to 43 TWh (∼7%) and 60 TWh (∼9%) respectively. This
shows that even under the most supportive circumstances the electricity demand of
BEV only reaches up to ∼9% of Germany’s overall electricity demand in 2030. As
we exclude re-injection of electricity from the battery into the grid due to the high
battery degradation costs this 9% contains only the electricity demand for driving
needs. Compared to this BEV share the political targets to reduce the gross electric-
ity demand in Germany by 10% until 2020 and by 25% until 2050 are roughly equal
or even higher [20]. Additionally the political targets for electric vehicles are only met
completely in the ‘Optimistic’ scenario with BEV penetrations of ∼1,5 million BEV
in 2020 and ∼22 million BEV in 2030, while in the ‘Pessimistic’ scenario none of the
targets are met (∼120,000 BEV in 2020, ∼200,000 BEV in 2030). In the ‘Reference’
scenario only the later target for 2030 is met (∼400,000 BEV in 2020, ∼9.6 million
BEV in 2030).
Figure 3 shows on the left side the normalized daily load curves for a typical winter
weekday. They are calculated by our model approach for those scenarios with a load
control option. Only the load curve for the ‘Pessimistic’ scenario is a model input and
describes the load for an ‘immediate full’-charging strategy, one extreme of the load
shift potential of BEV here. Compared to the other load curves it is quite obvious
that they diﬀer substantially from this charging strategy. They exhibit more of the
characteristics of a ‘as late and as least as possible’-charging strategy which represents
the other extreme of the load shift potential of BEV in our approach. The diﬀerences
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Fig. 3. Normalized (a) and absolute (b) daily load curves of BEV and conventional demand
(b) for a winter weekday in 2030 [15].
in the load curves between the ‘Reference’ and the ‘Optimistic’ scenario occurs due
to the assumed charging infrastructure which is more developed in the ‘Optimistic’
scenario. This means the ‘Optimistic’ scenario oﬀers more options during the day to
charge the BEV which leads to a lower normalized peak in the morning. However,
due to the overall higher BEV penetration in this scenario the absolute peak is higher
compared to the ‘Reference’ scenario. To bring out the most prominent reason for the
resulting load curves the cumulative electricity load of Germany for the ‘Reference’
scenario in 2030 is depicted on the right side in Figure 3. This chart shows that the
electricity demand of BEV is used to ﬁll the valleys of the conventional electricity
demand as well as to utilize more electricity from photovoltaics before and during
midday.
To show the eﬀect of BEV on the electricity generation the ‘Pessimistic’ and
the ‘Reference’ scenario are compared to each other in Figure 4 for the year 2030
and the electricity generation of 2007 is added as well for reference purposes. In the
‘Optimistic’ scenario the higher RES target dominates the eﬀects of BEV. Therefore
we focus on the other scenarios in the following. Both scenarios in Figure 4 show
an increase in wind oﬀshore in northern Germany as well as a smaller more decen-
tralized expansion of photovoltaics mainly in southern Germany. Additionally lignite
ﬁred electricity generation decreases while the share of hard-coal remains roughly
constant and gas power plants increase until 2030. This is closely related to the ﬂexi-
bility of those power plants operation which increases in importance in an electricity
system with a high share of RES. Despite these overall developments of the German
electricity generation which occurs in all scenarios some diﬀerences due to electric
vehicles and their load shift potential exist. The most prominent diﬀerence is the
regional distribution of the electricity generation. In scenarios with a load control
option less electricity is produced in Bavaria due to the more eﬃcient utilization of
the electricity grid. Additionally the regional diﬀerences sum up to more RES (∼23
TWh), hard-coal (∼35 TWh) and lignite (∼1.3 TWh) as well as less gas (∼16 TWh)
in the ‘Reference’ scenario compared to the ‘Pessimistic’ scenario in 2030. The ‘Op-
timistic’ scenario shows more RES (∼97 TWh) and hard-coal (∼15 TWh) as well as
less gas (∼25 TWh) and lignite (∼17 TWh) compared to the ‘Pessimistic’ scenario in
2030. These eﬀects are closely related to the valley ﬁlling load curves of BEV which
promote the operation of base and medium load power plants like lignite and hard-
coal ﬁred power plants. The higher amount of RES in the ‘Reference’ scenario results
from the assumed RES share target (s. Table 1) which leads to an absolute higher
RES amount in scenarios with higher electricity demands. The diﬀerences in the fossil
electricity mix of all scenarios are relatively small compared to the overall electricity
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generation (∼600 TWh (REF), ∼640 TWh (REF), ∼670 TWh (OPT)) and range
from 4% (OPT) to 5% (REF). Beside this, Germany becomes a net electricity im-
porter in all scenarios until 2030.
Another aspect which is inﬂuenced by BEV are the average marginal costs of elec-
tricity generation in Germany, which are given by the PERSEUS-NET-EMO model
on NUTS-3 level. Again in Figure 5 the scenarios ‘Pessimistic’ and ‘Reference’ in 2030
and the status quo in 2007 are compared. The grid congestion between Bavaria and
Thuringia as well as between some parts of north and south Germany appears already
in 2007. The bottleneck is even more severe in 2030, where it separates diﬀerent av-
erage marginal costs in front of and behind those bottlenecks. The main reason for
this is the expansion of RES and the nuclear phase-out. While the highest electricity
demand still occurs in Southwest of Germany the electricity generation developed to
a more decentralized one with a high share of RES in Northeast of Germany due to
the wind potential. Beside this overall trend the ‘Pessimistic’ and ‘Reference’ scenario
do not diﬀer signiﬁcantly even though the ‘Reference’ scenario shows absolute more
RES which normally leads to higher overall system costs. However, in this case the
load shift potential which is utilized in the ‘Reference’ scenario lessens this eﬀect or
even converts it at least in some nodes mainly in northern Germany.
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Fig. 6. Comparison of speciﬁc CO2 emissions of electricity generation.
The last, but not the least important result we want to highlight are the spe-
ciﬁc CO2 emissions in Germany and how they vary between the scenarios over time
(s. Figure 6). Even though in the ‘Reference’ and ‘Optimistic’ scenario more lignite
and hardcoal are ﬁred for electricity production their higher RES amount allows to
overcompensate for this in terms of speciﬁc CO2 emissions. When adding the diﬀerent
scenario assumptions for the speciﬁc electricity demand of BEV in the calculation,
the ‘Reference’ and ‘Optimistic’ scenarios perform even better in terms of average
speciﬁc CO2 emissions of BEV (2030: ∼78 gCO2/km (PES), ∼67 gCO2/km (REF),∼49 gCO2/km (OPT)). Compared to predictions of average CO2 emissions for con-
ventional vehicles of about 80 to 90 gCO2/km [23] BEV can show a better CO2 emis-
sion performance dependent on the framework conditions. Despite this the impact of
import and export of electricity on the national CO2 emissions is marginal (about
2–5 %) and decreases over time due to an Europe-wide increase in RES.
4 Conclusions
In our analysis BEV inﬂuences the electricity system only to a small amount in
terms of power plant capacity and electricity generation in Germany. Other trends or
political targets like reducing the gross electricity demand or expanding RES show
more dominant eﬀects on the German electricity system. However, the high potential
of BEV to shift their load shows the ability to help integrating RES as well as reduce
the costs of this integration. This holds true even if the technically possible feed-in of
BEV back into the grid is neglected.
Beside this BEV show lower speciﬁc CO2 emissions compared to conventional cars.
They are even lower than the political targets announced for the transport sector.
However, for a in-depth conclusion regarding the environmental performance of BEV
electricity generation provides only a part of this analysis. For such an analysis all rel-
evant environmental aspects of needed materials and processing (i.e. for the batteries
or the mining of coal) as well as their recycling have to be taken into account. Nev-
ertheless, BEV seems to be a promising option helping to reduce the environmental
impact of the transport sector. Additionally, BEV can even contribute to cope with
the challenges in the energy sector by providing its load shift potential and thereby
increasing the electricity feed-in by RES. This, however, depends on the framework
conditions (which might be inﬂuenced by politics).
Beside these more or less nationwide aspects the market penetration of BEV shows
a concentration in urban regions. On this regional scale the impact on distribution
grids gains in importance. Distribution grids in urban areas are often designed in a
way that allows a high integration of BEV under the premise of a load control [18].
But only the interaction of all grid levels allows for a profound analysis of all eﬀects of
BEV on the security of electricity supply. Especially as recent studies came up with
a new stability measure for transmission grids [38] as well as with analysis combining
this indicator with BEV [39]. Therefore the impact of regional BEV distribution on
grids needs further analysis and and a more realistic load ﬂow calculation (i.e. AC
instead of DC) would be one next possible step to improve the research in this ﬁeld.
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